apoptosis. 7 Although numerous laboratory investigations support the potentially detrimental effects of hyperoxia exposure after ROSC from cardiac arrest, clinical data are lacking.
The incidence of post-ROSC hyperoxia and subsequent outcomes in patients who survived cardiac arrest to intensive care unit (ICU) admission are reported herein. The overall aim was to determine whether exposure to hyperoxia after ROSC from cardiac arrest was associated with poor clinical outcome. Specifically, for patients who survived cardiac arrest to ICU admission, the objectives were to determine (1) whether the presence of post-ROSC hyperoxia (defined as PaO 2 Ն300 mm Hg) was a common occurrence; (2) whether post-ROSC hyperoxia was associated with lower survival to hospital discharge; and (3) whether post-ROSC hyperoxia remained significantly associated with in-hospital death after adjustment for a predefined set of confounding variables in a multivariable analysis.
METHODS
Project IMPACT (Cerner Corporation, Kansas City, Missouri) is a large administrative database (initially developed by the Society of Critical Care Medicine) designed for critical care units across all disciplines. Adult ICUs from 131 US hospitals participate in Project IMPACT and data from more than 400 000 patients have been collected. Participating institutions upload data quarterly to a central repository. Data fields include hospital and ICU organizational characteristics, admission source (eg, emergency department vs inpatient), demographics, physiological data (including hemodynamic indices and laboratory values), procedures, complications, hospital and ICU length of stay, and outcomes. All data are collected by dedicated onsite personnel who must be trained and certified by Project IMPACT, which requires passing a written certification examination to ensure uniformity in both database definitions and entry. Onsite data collectors receive additional certification from Project IMPACT as a prerequisite to collating and uploading data. The institutional review board at Cooper University Hospital (Camden, New Jersey) approved this study.
The ICUs in Project IMPACT represent a wide scope of practice environments, including medical, surgical, and multidisciplinary ICUs. The institutions are heterogeneous in terms of hospital size, type (community vs academic; private vs public), and location (urban, suburban, or rural). Participating hospitals are not restricted to any particular geographic region.
Adult patients who sustained nontraumatic cardiac arrest and were admitted to the ICU at a participating center between 2001 and 2005 were included. Specifically, inclusion criteria were age older than 17 years, nontraumatic cardiac arrest, cardiopulmonary resuscitation within 24 hours prior to ICU arrival, and arterial blood gas analysis performed within 24 hours following ICU arrival.
The following variables were abstracted: demographics, comorbidities, preadmission functional status, site of origin prior to ICU arrival, hospital characteristics, most abnormal physiological parameters (including vital signs, other hemodynamic indices, and laboratory tests) over the first 24 hours in the ICU, first arterial blood gas result over the first 24 hours in the ICU, life-support interventions (eg, vasopressor use), vital status at hospital discharge (alive or dead), and functional status at hospital discharge. The Project IMPACT participation manual specifies that race/ethnicity data be abstracted from the registration information at the time of hospital admission. Race/ethnicity was included as a study variable because prior data have suggested an association between nonwhite race and poor outcome. Statistical analyses were conducted using SPSS software version 15.0.1 (SPSS Inc, Chicago, Illinois).
Continuous data are presented as means and standard deviations or medians and interquartile ranges (IQRs) as appropriate based on distribution of the data; categorical data are reported as proportions and 95% confidence intervals (CIs). For the purposes of this analysis, the cohort was divided into 3 exposure groups defined a priori based on PaO 2 on the first arterial blood gas values obtained in the ICU. Hyperoxia was defined as PaO 2 of 300 mm Hg or greater 8 ; hypoxia, PaO 2 of less than 60 mm Hg (or ratio of PaO 2 to fraction of inspired oxygen [FIO 2 ] Ͻ300) 9 ; and normoxia, cases not classified as hyperoxia or hypoxia. These classifications were defined in a written protocol by consensus of all authors prior to querying the database or analyzing any data.
The primary outcome measure was in-hospital mortality. The occurrence of outcomes were compared between the groups using the 2 test or the binomial test for the difference in proportions with Bonferroni correction for multiple pairwise comparisons (ie, for 3 groups, ␣ level of .05 divided by 3 or .017). For days to primary outcome analysis, Kaplan-Meier survival estimates and log-rank tests were used to compare the hyperoxia and normoxia groups.
Odds ratios (ORs) were calculated to determine independent predictors of mortality. Given the dichotomous outcome, multivariable logistic regression modeling was used. The analysis proceeded in 2 stages. In the first stage, significant risk factors were identified from the candidate variables; in the second stage, potential hospital effects were assessed (ie, correlation among patients sampled within hospital clusters). All patient-oriented data in TABLE 1 were considered to be potential candidate variables for the model. The regression model was run in 5 steps with in-hospital mortality as the outcome. At each step, a P value of less than .05 was used as the criterion for retention in the model.
Step 1 considered demographics. For entry into the model, age was coded by deciles.
Step 2 included patient characteristics (other than demographics) prior to cardiac arrest. Preadmission functional status was coded as inde-ARTERIAL HYPEROXIA AFTER CARDIAC ARREST pendent or nonindependent. Site of origin prior to ICU admission was emergency department or hospital inpatient.
Step 3 included preadmission comorbid conditions. Step 4 included patient physiological data after cardiac arrest. Hypotension (systolic blood pressure Ͻ90 mm Hg) on ICU admission and inotrope requirement were coded as binary (yes or no) variables. For the highest heart rate, each patient was coded as being above or below the median for the entire cohort. In the final step of the regression model, the predictive effects on in-hospital mortality were assessed for hyperoxia and hypoxia. The hyperoxia and hypoxia groups were each coded as a contrast variable against normoxia. The fifth step provides a significance test, OR, and a 95% CI around the OR for the primary covariate of interest, which was exposure to hyperoxia. The results summarize the effect and are adjusted for all other variables included in the earlier steps of the model.
Generalized estimating equations were used to account for potential correlation in mortality rates among patients sampled within hospital clusters. Three alternatives to the independence assumption (no association) were examined for within-hospital correlation. The quasi-likelihood independence criterion was used to determine the best working correlation structure assumption. First, an exchangeable (or compound symmetry) pattern was tested, assuming identical (but unknown) correlation between variables in the model and mortality over patients clustered in hospitals. Next, an unstructured pattern was tested, assuming nonidentical correlation between variables in the model and mortality over patients clustered in hospitals. Lastly, an autoregressive pattern was tested, assuming decreasing correlation between the variables in the model and mortality over patients clustered in hospitals. Compared with the independence assumption, none of these alternative correlation structures improved the model fit, suggesting that a significant hospital effect was not present in the model.
To test if hyperoxia exposure remained a significant independent predictor of in-hospital death when the propensity of individuals to be exposed to hyperoxia was adjusted for, a sensitivity analysis was performed using propensity scores (the methods of the propensity score analysis appear in eMethods at http://www .jama.com). A preplanned secondary analysis also was performed that was identical to the univariable analysis but used a higher PaO 2 cutoff to define hyperoxia (400 mm Hg rather than 300 mm Hg). [11] [12] [13] Assuming a ratio of approximately 3 patients in the hypoxia group for every 1 patient in the normoxia and hyperoxia groups, the sample size that was analyzed allowed greater than Table 1 (17) 64 (16) 63 (17) 66 ( (22) 862 (22) 243 (21) 272 (24) Fully dependent 803 (13) 530 (13) 141 (12) 132 (11) Chronic comorbidities Severe cardiovascular disease e 732 (12) 463 (12) 124 (11) Abbreviations: ACC, acute cardiopulmonary condition; COPD, chronic obstructive pulmonary disease; ICU, intensive care unit. a Percentages may not equal 100 due to rounding. b Unless otherwise indicated. c Defined as patients whose race is known, but do not fall into any of the included race categories. d Independent defined as able to live at home and requiring no assistance to complete activities of daily living (ADLs); partially dependent, able to live at home, in a group home, or in a care facility and requiring some assistance to complete ADLs; fully dependent, able to live at home or in a care facility but unable to perform ADLs so must be cared for by others. The limitations requiring assistance may be physical or mental. e Defined as baseline symptoms such as angina or shortness of breath at rest or on minimal exertion (New York Heart Association class IV) plus 1 or more of the following diagnoses: severe coronary artery disease, severe valvular heart disease, or severe cardiomyopathy. f Defined as chronic obstructive, restrictive, or vascular pulmonary disease resulting in severe exercise restriction, such as unable to climb stairs or perform household duties; or respirator dependency related to active respiratory disease; or documented chronic hypoxia, hypercapnia, or pulmonary hypertension (Ͼ40 mm Hg).
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RESULTS
There were 8736 patients that met the first 3 inclusion criteria of age older than 17 years, nontraumatic cardiac arrest, and cardiopulmonary resuscitation prior to ICU arrival. There were 2410 patients who did not have arterial blood gas values obtained within the first 24 hours in the ICU and were thus excluded from the study. The remaining 6326 patients were from 120 hospitals. The median number of cardiac arrest cases per hospital was 41 (IQR, 17-72). Baseline characteristics for all groups appear in Table 1 and TABLE 2 .
Patients were predominantly white and from community, nonacademic hospitals. Sixty-six percent (n=4146) of patients were living independently prior to hospital admission and 43% (n = 2747) were admitted to the ICU from an emergency department. The most common comorbid condition was severe cardiovascular disease (eg, New York Heart Association class IV; n=732 patients). Of the 6326 patients, 1156 were in the hyperoxia group (18%), 3999 were in the hypoxia group (63%), and 1171 were in the normoxia group (19%).
Physiological data over the first 24 hours in the ICU for all groups are displayed in TABLE 3. Sixty percent of patients required a vasopressor agent (eg, continuous infusion of dopamine, norepinephrine, epinephrine, or phenylephrine); the overall mean (SD) for lowest systolic blood pressure was 85 (22) mm Hg. For all patients, the mean (SD) high temperature was 38°C (3°C) and for low temperature was 36°C (3°C). The median ICU length of stay for survivors to hospital discharge was 4 days (IQR, 2-8 days) and for nonsurvivors was 2 days (IQR, 1-5 days). The median hospital length of stay for survivors was 12 days (IQR, 7-22 days) and for nonsurvivors was 4 days (IQR, 1-11 days).
Overall, 56% of patients (n=3561) met the primary outcome of inhospital mortality ( Mortality also was significantly higher in the hyperoxia group compared with the hypoxia group (proportion difference, 6% [95% CI, 3%-9%]; P Ͻ .001). On KaplanMeier analysis, the survival fractions for the hyperoxia and normoxia groups diverged significantly over time (logrank P Ͻ .001; FIGURE). In addition, among hospital survivors, patients with hyperoxia had a significantly lower proportion of discharges from the hospital as functionally independent compared with patients with normoxia (29% vs 38%, respectively; proportion difference, 9% [95% CI, 3%-15%]; P=.002; Table 4 ).
Nine risk factors proved to be significantly associated with in-hospital death on multivariable logistic regression analysis. Significant demographic and other factors prior to cardiac arrest included age, nonindependent preadmission functional status, emer- 
COMMENT
In this large multicenter cohort study of patients admitted to an ICU after resuscitation from cardiac arrest, we found that post-ROSC exposure to hyperoxia was a common occurrence, as evidenced by the first arterial blood gas values obtained after ICU arrival. In this cohort, post-ROSC hyperoxia was associated with the lowest survival rate to hospital discharge among all patients, including those who had hypoxia. After controlling for a predefined set of confounding variables in a multivariable analysis, we found that exposure to hyperoxia was an independent predictor of in-hospital death. This effect remained robust in sensitivity analyses that adjusted for hospital factors and propensity of hyperoxia exposure. Additionally, we found that among hospital survivors, hyperoxia was associated with a lower likelihood of independent functional status at hospital discharge compared with normoxia. To our knowledge, this is the first large multicenter study documenting the association between post-ROSC hyperoxia and poor clinical outcome. While we acknowledge that association does not necessarily imply causation, these data support the hypothesis that high oxygen delivery in the postcardiac arrest setting may have adverse effects.
Reperfusion after an ischemic insult is associated with a surge of reactive oxygen species, which may overwhelm host natural antioxidant defenses. [15] [16] [17] The oxidative stress from the reactive oxygen species formed after reperfusion may lead to increased cellular death by diminishing mitochondrial oxidative metabolism, disrupting normal enzymatic activities, and damaging membrane lipids through peroxidation. 7 In clinically relevant experimental models of cardiac arrest, hyperoxia has been shown to worsen the severity of oxidative stress, causing a greater loss of pyruvate dehydrogenase complex, 18 impairment of oxidative energy metabolism, 11 and higher oxidation of brain lipids, 19 culminating in more severe brain histopathologic changes and worse neurological deficits. 12, 19, 20 In addition, recent preclinical data suggest that early postischemic hyperoxic reperfusion may worsen brain injury via cellular inflammatory reactions in the neurons or their microenvironment (eg, activation of microglia and astrocytes). 21 After the burst of reactive oxygen species that occurs in the initial minutes after reperfusion, oxidant stress can be perpetuated in a persistently hyperoxic environment. Analogous to the concept that hyperoxia exposure may be associated with harm in the resuscitation of (15) 248 (15) 87 (14) 70 (17) Nursing home 759 (27) 462 (27) 162 (25) 135 (32) Transfer to another acute care hospital 91 (3) 64 (4) 13 (2) 14 (3) Other or unknown 307 (11) 182 (11) 83 (13) 42 (10) neonates, 22 the ongoing oxidant stress associated with hyperoxic reperfusion may be capable of worsening anoxic brain injury in adult patients with postcardiac arrest syndrome.
Current American Heart Association guidelines for adult cardiopulmonary resuscitation advocate 100% inspired oxygen during resuscitative efforts because this may maximize the likelihood of achieving ROSC. 23 However, after circulation is successfully restored, clinicians frequently maintain high FIO 2 for variable periods. 24 Our study quantifies the incidence of postcardiac arrest hyperoxia. Nearly 1 in 5 patients had exposure to hyperoxia (PaO 2 Ն300 mm Hg) postcardiac arrest and almost half of these patients had PaO 2 of 400 mm Hg or greater. Therefore, arterial hyperoxia appears to be a common occurrence in patients resuscitated from cardiac arrest. These data provide insight into a potential large-scale problem in postcardiac arrest care.
A recent consensus statement on the treatment of postcardiac arrest syndrome by the International Liaison Committee on Resuscitation advocated the avoidance of unnecessary arterial hyperoxia and a controlled reoxygenation strategy targeting an arterial oxygen saturation not to exceed 94% to 96%. 24 However, the consensus statement acknowledged that this recommendation was based solely on preclinical data and identified the role of post-ROSC oxygenation as a critical knowledge gap for resuscitation science. 24 The present study provides important data to help fill this knowledge gap. Although it may be intuitive that adequate oxygenation is vital (and persistent hypoxia should be avoided) after resuscitation from cardiac arrest, the present study questions whether a more is better strategy for post-ROSC oxygenation is actually harmful as opposed to beneficial. In fact, these data support the hypothesis that both hyperoxia and hypoxia are harmful and underscore the need for clinical trials of controlled reoxygenation in adults resuscitated from cardiac arrest.
We acknowledge important limitations in this study. First, this was a purely observational study; therefore, we can only identify association rather than causation. Next, we defined hyperoxia as PaO 2 of 300 mm Hg or greater based on PaO 2 levels from a previously published experimental study,
8 but the precise PaO 2 level associated with maximal risk is unknown. In addition, our definition for the hypoxia group was not based on PaO 2 alone but rather included the ratio of PaO 2 to FIO 2 as a component of the definition. This was necessary because a patient with normal PaO 2 may have required a high FIO 2 to achieve the observed PaO 2 value (ie, PaO 2 of 65 mm Hg on a FIO 2 of 1.0), and such a patient would be at high risk of death, similar to patients with a PaO 2 of less than 60 mm Hg. Although our exposure variable is based on the first PaO 2 value measured over the first 24 hours after arrival in the ICU, the arterial blood gas data in Project IMPACT are not precisely time stamped. Thus, it is possible that some of the PaO 2 measurements were not obtained early during the postresuscitation period; specifically, we did not capture intraarrest arterial blood gas data. Laboratory data indicate that early exposure to hyperoxia after reperfusion worsens ischemiareperfusion injury; however, hyperoxia exposure at later time points may not. 25 In this context, the limitation of this study that later PaO 2 measurements may be included in our sample would be expected to bias the results toward the null (ie, no association between hyperoxia exposure and increased mortality).
We also recognize that the Project IMPACT database was designed from an ICU perspective, and thus it does not capture variables in the Utstein style 26 (eg, initial cardiac rhythm, no-flow time, cardiopulmonary resuscitation quality) specific to the cardiac arrest event that preceded the admission to the ICU. However, the ICU perspective makes Project IMPACT a valuable source of information on this topic because cardiopulmonary resuscitation registries may not collect PaO 2 data after ROSC. Another limitation worthy of note is that our study did not capture whether or not therapeutic hypothermia was attempted. However, only 6% of patients had a lowest body temperature under 34°C in the first 24 hours after arrival in the ICU, indicating that therapeutic hypothermia was not widely applied in this cohort. Although the postulated scientific basis for the association between hyperoxia exposure and outcome is related to the degree of anoxic brain injury, we also acknowledge that hyperoxia could potentially be associated with extracerebral deleterious consequences that were not ascertained in our study. In addition, Project IMPACT does not capture airway pressure measurements 14 ARTERIAL HYPEROXIA AFTER CARDIAC ARREST from the ventilators that could be a surrogate for barotrauma (such as peak or plateau airway pressure or positive endexpiratory pressure). Finally, there may have been unmeasured confounders that may have influenced the association between oxygenation status and mortality.
CONCLUSIONS
In this large multicenter cohort of adult patients admitted to the ICU after resuscitation from cardiac arrest, we found that exposure to hyperoxia is a common occurrence and an independent predictor of in-hospital mortality. These data support the hypothesis that postresuscitation hyperoxia could be harmful and provide scientific rationale for clinical trials of controlled reoxygenation during the postresuscitation period.
